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¡ The SM contains a minimal Higgs sector 
§ Many natural models predict extended Higgs sector 
▪ Can be described at low energy by the Two Higgs Doublet Model (2HDM) 

¡ 2HDM 
§  5 Higgs bosons 
▪ h, H, A, H± 

§ Large parameter space, but 
many simplifications possible 
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Coupling Assignments 

Type u d ℓ± 

I 

Φ2 

Φ2 
Φ2 

LS 
Φ1 2* 

Φ1 F Φ2 

▪ No CP violation, No FCNC, MSSM quartic couplings 
▪ 4 2HDM types with 6 parameters: 4 masses and 2 angles (α,β) 

¡ Throughout, we interpret h(125) as the lighter of 
the two CP-even 2HDM scalars 

*MSSM is a constrained type 2 2HDM 



¡ 2 complementary strategies available to probe 2HDM: 
§ Precision measurement of h(125) couplings 
▪ Couplings of h2HDM differ from those of hSM 

 

  
 

▪ h(125) coupling measurements can constrain 2HDM 
▪ But not sensitive in alignment limit (AL) - for cos(β-α)=0, all y2HDM/ySM=1 
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y2HDM/ySM         s 

Type hVV hQu hQd hLe 

I 

sin(β-α) sin(β-α) +  
cos(β-α)/tan(β) 

sin(β-α) +  
cos(β-α)/tan(β) 

sin(β-α) +  
cos(β-α)/tan(β) 

LS sin(β-α) –  
cos(β-α)*tan(β) 2 

sin(β-α) –  
cos(β-α)*tan(β) F sin(β-α) +  

cos(β-α)/tan(β) 



Interplay with h
Coupling measurements of the state at 126 GeV shape 

the space of likely signatures for heavier scalars

We are close to the decoupling limit!
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(For more detail, see Marc Sher’s talk this afternoon)
Thursday, April 4, 2013
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Since h(125) is SM-like, nature can’t be too far from the AL 
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[Craig, Galloway, Thomas: 1305.2424] 



• SM limit:                      = 0                     

• Projection: assume that the 
SM is correct.

• systematics uncertainties         
~

• Increasing center of mass 
energy excludes 1/2 of the 
original parameter space for 
just 1/ab of the luminosity.

• Regions between black and 
blue lines are allowed at 95% 
CL.

[CMS NOTE-2012/006]

14 v.s. 100 TeV 

�0.4 �0.2 0.0 0.2 0.4
0

2

4

6

8

10

cos� ⇤�⇥⇥

ta
n⇤

�0.04�0.020.00 0.02 0.04
0

2

4

6

8

10

cos� ⇤�⇥⇥

ta
n⇤

�0.04�0.02 0.00 0.02 0.04
0

2

4

6

8

10

cos� ⇤�⇥⇥

ta
n⇤

�0.04 �0.02 0.00 0.02 0.04
0

2

4

6

8

10

cos� ⇤�⇥⇥

ta
n⇤

III

LS FL

1p
N

Black solid: 100 TeV, L=1/ab

Blue dashed: 14 TeV, L=3/ab

Assuming we do not observe deviations from SM: 
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[Chen: SLAC Workshop] 

14 TeV (3/ab) 
100 TeV (3/ab) 

NB: scales 



¡ 2 strategies available to probe 2HDM: 
§ Precision measurement of h(125) couplings 
§ Direct search for additional scalars 
▪ Best to focus on production through gluon fusion 
▪ HVV coupling proportional to cos(β-α) è VBF and AP suppressed 
▪ No AVV tree-level coupling è No VBF or AP 

▪ Potential decays: 
▪ H è tt, hh, ZZ, WW, bb, ττ, γγ	


▪ A è tt,    Zh,             bb, ττ, γγ	



▪ Cleaner decays also happen to be suppressed near AL 
▪ But can still have significant BR quite close 
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The focus of this talk 

*Suppressed near AL 
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The focus of this talk 
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Figure 8. Cross section times branching ratio � · Br(H ! X) to available final states in units of pb
for 8 TeV pp collisions for the non-SM-like scalar Higgs boson, shown as a function of mH . Upper left:
tan� = 1, cos(��↵) = �0.32 for Type 1 2HDM. Upper right: tan� = 1, cos(��↵) = �0.11 for Type
2 2HDM. Lower left: tan� = 10, cos(� � ↵) = �0.43 for Type 1 2HDM. Lower right: tan� = 10,
cos(� � ↵) = �0.02 for Type 2 2HDM. In each case we have chosen �5,6,7 = 0 and mA = mH .

large tan�.

Of course, the dominant modes in the branching ratios of H and A are not necessarily

the best modes for discovery. In general the most fruitful standard channels (i.e., involving

direct decays to SM final states) are those that may be distinguished above SM backgrounds,

primarily:

• Inclusive production of H with H ! V V (⇤) or H ! ��

• Inclusive production of A with A ! ��

• Inclusive production of H or A with H,A ! ⌧+⌧� or H,A ! µ+µ�

• tt̄ production with t ! H±b̄ and H± ! ⌧±⌫

Beyond standard channels, it is useful to search for additional scalars through their decays

to h and other states. Again assuming the approximate mass ordering mh < mA ⇠ mH ⇠
mH± , the kinematically available channels with promising search prospects are:

– 25 –
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Figure 10. Cross section times branching ratio � · Br(A ! X) to available final states in units of
pb for 8 TeV pp collisions for the pseudoscalar Higgs boson, shown as a function of mA. Upper left:
tan� = 1, cos(��↵) = �0.32 for Type 1 2HDM. Upper right: tan� = 1, cos(��↵) = �0.11 for Type
2 2HDM. Lower left: tan� = 10, cos(� � ↵) = �0.43 for Type 1 2HDM. Lower right: tan� = 10,
cos(� � ↵) = �0.02 for Type 2 2HDM. In each case we have chosen �5,6,7 = 0 and mA = mH .

fairly small. We will not consider this case in detail here,7 but will instead focus on inclusive

production of H and A with H ! hh and A ! Zh, which may have sizable production cross

sections and appreciable branching ratios.

While choosing benchmark values of ↵,� consistent with current signal fits and studying

the branching ratios as a function of mass gives useful intuition, a more detailed study is

required to understand the signals as ↵ and � are varied. For simplicity, we focus on the

benchmark mass mH = mA = 300 GeV where H ! hh and A ! Zh are kinematically

available. The relative parametrics remain similar for mH < 2mh and mA < mZ +mh, save

that the modes H ! hh,A ! Zh are inaccessible and H ! V V,A ! bb̄ become dominant.

For mH ,mA > 2mt the decays H,A ! tt̄ become kinematically available, and may or may

not dominate the total width depending on the 2HDM type and the value of tan�.

As with the SM-like Higgs h, the parametric behavior of the production cross section

times branching ratio for the processes of interest is governed by the scaling of the production

mode, the decay mode, and the total width. For most of the cases we consider, production

7For a recent discussion of prospects for discovering H± ! W±h at the LHC, see [59].
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NB: 14 TeV 
Just inside allowed region from coupling measurements 

H: 

A: 



¡ Large gain in gluon 
fusion cross section 
at 100 TeV compared 
to 14 TeV 
§ Factor ~20 (~100) for  
  mgg = 200 GeV (1 TeV) 
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¡ We chose to focus on:  
§ H à ZZ à 4ℓ"
§ A à Zh à ℓℓ + bb/ττ	



¡ Leptons provide trigger and background 
rejection 

¡ Fully reconstructible 
¡ Reasonable BR across much of parameter 
space 
§ Exception: the AL 

8/25/14 John Stupak III 9 



 B
R

 [p
b]

× 
σ

-110

1

10

210

)α-βcos(
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

)β
ta

n(

1

2

3

4

5

6

 B
R

 [p
b]

× 
σ

-610

-510

-410

-310

-210

-110
1
10

)α-βcos(
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

)β
ta

n(

1

2

3

4

5

6

 B
R

 [p
b]

× 
σ

-610

-510

-410

-310

-210

-110
1
10

)α-βcos(
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

)β
ta

n(

1

2

3

4

5

6

 B
R

 [p
b]

× 
σ

-410

-310

-210

-110

1

10

210

)α-βcos(
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

)β
ta

n(

1

2

3

4

5

6

8/25/14 John Stupak III 10 

m = 500 GeV 
H à ZZ A à Zh 

type 1 

type 2 

sin(α) = 0: Htt coupling à 0 

★ Benchmark point 



¡ Assumed run conditions: 

 
¡ Background MC 
§ Madgraph + Bridge + Pythia + Delphes* 
▪ ST-binned background samples 
▪ Normalized to NLO cross sections** 

¡ Signal MC 
§ Madgraph + Pythia + Delphes* 
§ SM NLO gluon fusion cross sections and BRs rescaled 
by 2HDM LO coupling dependence on α, β 
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**Sub-dominant backgrounds at LO 

LHC Run II HL-LHC HE-LHC VLHC 
s1/2 [TeV] 14 14 33 100 
L [fb-1] 300 3000 3000 1000 
<NPU>  50 140 140 40 

*Delphes parameterized detector simulation with 
generic “LHC-like” Snowmass detector 

[http://www.snowmass2013.org/tiki-index.php?page=EF+Facilities+List] 
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¡ Trigger 
§ Assume thresholds remain similar to LHC 
§ Require: pT(ℓ1) > 30 GeV        OR 
                 pT(ℓ1) > 20 GeV AND pT(ℓ2) > 10 GeV 

¡ Object selection 
§ lepton (e, µ) 
▪ pT > 5 GeV 
▪ |η| < 2.5 
▪ Relative isolation < 10% 

§ τ (hadronic) 
▪ pT > 20 GeV 
▪ |η| < 2.5 
▪ 65% efficiency 
▪ 0.4% mistag rate 
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§ b-jet 
▪ pT > 20 GeV 
▪ |η| < 2.5 
▪ 70% (60%) efficiency for |η| ≤ 1.2 (|η| > 1.2 ) 
▪ 0.1% light jet mis-tag rate 

(ρ corrected) 
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¡ Exactly 4 leptons 
¡ 2 Z candidates 

§ Opposite sign (OS), same flavor (SF) lepton pair 
§ 80 GeV < m(Z1) < 100 GeV 
§ 60 GeV < m(Z2) < 120 GeV 
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Sample Selected Events 

ZZ 1.3 × 105 

ttZ 6.1 × 103 

ZZZ 1.8 × 103 

Total Background                                    1.4 × 105 

Signal (m = 500 GeV) 1.2 × 103 

Signal (m = 800 GeV) 450 
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¡ Use to determine σ×BR 
which can be excluded or 
yield observation/discovery 
§ Assume uniform 20% 
background systematic 
uncertainty 
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¡ Compare to σ×BR for 
each point in parameter 

space (next slide) 
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type 1 

type 2 

m(H) = 500 GeV m(H) = 800 GeV 

allowed by HL-LHC 
(in absence of observed 

deviations from SM) 

discoverable 
by direct  
search 
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Channel 
bb ττ	



Exactly 2 b-jets Exactly 2 τ leptons 
Fewer than 2 τ leptons Fewer than 2 b-jets 

h candidate 
•  90 GeV < m(bb) < 150 GeV •  55 GeV < m(ττ) < 125 GeV 

Exactly 2 leptons 
Z candidate 

•  OSSF lepton pair 
•  80 GeV < m(Z) < 100 GeV 
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Δϕ < 1.9 

pT > 60 GeV 0.5 <         < 2.5 
pT(Z) 
pT(h)  

¡ Apply additional selection 
cuts to enhance signal 
sensitivity 
§ ΔΦ(ℓ1, ℓ2) < 1.9 
§ pT(Z) > 60 GeV 
§ 0.5 < pT(Z)/pT(h) < 2.5 
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Sample Selected Events 

bb Channel ττ Channel 
Z 6.2	
  × 105 - 
tt 4.4	
  × 105 - 

ttZ 2.8	
  × 104 790 
ZZ 2.4× 104 3.3 × 103 

tZ 2.2	
  × 104 - 
ZZZ -­‐	
   250 

Total Background                                    1.1 × 106 4.3 × 103 

Signal (m = 500 GeV) 2.9 × 103 140 
Signal (m = 800 GeV) 1.9 × 103 70 
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¡ Use to determine σ×BR which can be excluded or 
yield observation/discovery 
§ Assume uniform 20% background systematic uncertainty 

bb Channel ττ Channel 
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¡ ττ (bb) channel more sensitive at small (large) m(A) 
¡ Low mass A harder to exclude/discover than H 

95% CL Exclusion bb + ττ Channels 



8/26/14 John Stupak III 23 

type 1 

type 2 

m(A) = 500 GeV m(A) = 800 GeV 

allowed by HL-LHC 
(in absence of observed 

deviations from SM) 

discoverable 
by direct  
search 



¡ Important to fully explore the Higgs sector 
§ Is h(125) alone? 

¡ Precision measurement of h(125) couplings can 
constrain parameter space of the 2HDM 
§ Little (no) sensitivity near (at) alignment limit 

¡ Direct search at a 100 TeV pp collider offers unique 
potential to probe regions of parameter space near the 
alignment limit 
§ More info in 1308.6334 

¡ Important to pursue both coupling measurements and 
direct search - Complementary 
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300 GeV 500 GeV 800 GeV 

type 1 

type 2 
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300 GeV 500 GeV 800 GeV 

type 1 

type 2 
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300 GeV 500 GeV 800 GeV 

type 1 

type 2 
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300 GeV 500 GeV 800 GeV 

type 1 

type 2 



y2HDM/ySM 2HDM 1 2HDM 2 2HDM 3 2HDM 4

hV V s⇥�� s⇥�� s⇥�� s⇥��

hQu s⇥�� + c⇥��/t⇥ s⇥�� + c⇥��/t⇥ s⇥�� + c⇥��/t⇥ s⇥�� + c⇥��/t⇥
hQd s⇥�� + c⇥��/t⇥ s⇥�� � t⇥c⇥�� s⇥�� + c⇥��/t⇥ s⇥�� � t⇥c⇥��

hLe s⇥�� + c⇥��/t⇥ s⇥�� � t⇥c⇥�� s⇥�� � t⇥c⇥�� s⇥�� + c⇥��/t⇥
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HQd c⇥�� � s⇥��/t⇥ c⇥�� + t⇥s⇥�� c⇥�� � s⇥��/t⇥ c⇥�� + t⇥s⇥��

HLe c⇥�� � s⇥��/t⇥ c⇥�� + t⇥s⇥�� c⇥�� + t⇥s⇥�� c⇥�� � s⇥��/t⇥
AV V 0 0 0 0

AQu 1/t⇥ 1/t⇥ 1/t⇥ 1/t⇥
AQd �1/t⇥ t⇥ �1/t⇥ t⇥
ALe �1/t⇥ t⇥ t⇥ �1/t⇥

Table 2. The tree-level couplings of the neutral Higgs bosons h,H, and A to up- and down-type
quarks, leptons, and massive gauge bosons relative to the SM Higgs boson couplings as functions of �
and ⇥ in the four types of 2HDM models satisfying the Glashow-Weinberg condition. The coe�cients
of the couplings of the charged scalars H± are the same as those of the pseudo-scalar A.

2.1 Decays to the SM-like Higgs

In addition to the couplings involving one scalar, we will be interested in three couplings

involving two or more scalars: the coupling of h to the pseudoscalar A and a Z boson, ghZA;

the coupling of h to the charged Higgs H± and a W boson, ghW�H± ; and the coupling of the

heavy Higgs scalar H to two SM-like scalars h: gHhh. These control the rates of the three

processes A ⌅ Zh,H± ⌅ W±h, and H ⌅ hh that may be kinematically available when

mh < mA ⇤ mH ⇤ mH± .

The couplings of two scalars to a SM vector are transparently written in terms of depar-

ture from the alignment limit. In particular, we have

ghZA = 1
2

�
g2 + g⇥2 cos(⇥ � �) ghW�H± = ⇥ i

2
g cos(⇥ � �) (2.8)

The form of these couplings is guaranteed by unitarity constraints. In a 2HDM the cou-

plings ghZA, gHZA and ghW�H± , gHW�H± obey a unitarity constraint akin to that satisfied

by ghV V , gHV V , namely

g2hZA + g2HZA =
1

4m2
Z

g2hSMZZ (2.9)

g2hW�H± + g2HW�H± = g2AW�H± =
1

4m2
W

g2hSMWW (2.10)

Unlike the other couplings involving SM vectors or fermions, the triple Higgs coupling

gHhh depends on additional parameters beyond the physical masses and mixing angles. As

– 8 –
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Type I Type II Lepton-specific Flipped
ξuh cosα/ sinβ cosα/ sin β cosα/ sinβ cosα/ sin β
ξdh cosα/ sinβ − sinα/ cos β cosα/ sinβ − sinα/ cosβ
ξℓh cosα/ sinβ − sinα/ cos β − sinα/ cosβ cosα/ sin β
ξuH sinα/ sinβ sinα/ sin β sinα/ sinβ sinα/ sinβ
ξdH sinα/ sinβ cosα/ cosβ sinα/ sinβ cosα/ cos β
ξℓH sinα/ sinβ cosα/ cosβ cosα/ cosβ sinα/ sinβ
ξuA cot β cot β cotβ cot β
ξdA − cot β tanβ − cotβ tan β
ξℓA − cot β tanβ tanβ − cot β

Table 2: Yukawa couplings of u, d, ℓ to the neutral Higgs bosons h,H,A in the four
different models. The couplings to the charged Higgs bosons follow Eq. 16.

Standard-Model coupling times cos(α−β). The coupling of the pseudoscalar, A, to vector
bosons vanishes.

In this section, we will summarize some of the work done on these four models, and
will follow with a more detailed discussion in the following sections.

There are relatively few studies which directly compare all four models. One of the
earliest papers to mention all four models was by Barger, Hewett and Phillips [30], who
studied the charged-Higgs phenomenology but assumed fairly light top quarks. The fa-
mous Higgs Hunter’s Guide [47] mentions all four, but concentrates only on the type I and
type II 2HDMs. Grossman [31] also discusses all four models, but focuses on models with
more than two doublets, and concentrates on the on the charged Higgs sector. Akeroyd
has several papers in which all four models are discussed. In an early paper with Stir-
ling [32], the phenomenology of the charged Higgs boson at LEP2 was analysed in each
model, and this was followed [33] by a study of the neutral sector at LEP2. In addition,
he looked [49] at LHC phenomenology in all four models, focusing in particular on the
Higgs branching ratios to γγ and ττ . More recently, Barger, Logan and Shaughnessy [50]
performed a comprehensive analysis of the couplings in all models with natural flavour
conservation, including doublets and singlets; the four models appear as special cases.

There are two recent papers comparing Higgs decays in all four models. Aoki et al. [36]
study the decays of the Higgs bosons in each model, summarize current phenomenological
constraints and look at methods of distinguishing the models at colliders, although they
focus on the type II and lepton-specific models and assume that the heavy Higgs bosons
are not too heavy (typically with masses below 200 GeV). Arhrib et al. [51] study the
decays of the light Higgs in each model, although the main point of their work concerns
double-Higgs production at the LHC.

Recently, a new computer code was written by Eriksson et al. [52]. The code allows one
to input any of the different Z2 symmetries, or even more general couplings, and calculates
all two-body and some three-body Higgs boson decays, and the oblique parameters S, T
and U and other collider constraints.

The least studied model is the flipped model (the word was coined in Ref. [50]); even
works that discuss all four models generally focus less on this structure than the others.
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Figure 8. Cross section times branching ratio ⌃ · Br(H ⇤ X) to available final states in units of pb
for 8 TeV pp collisions for the non-SM-like scalar Higgs boson, shown as a function of mH . Upper left:
tan⇥ = 1, cos(⇥��) = �0.32 for Type 1 2HDM. Upper right: tan⇥ = 1, cos(⇥��) = �0.11 for Type
2 2HDM. Lower left: tan⇥ = 10, cos(⇥ � �) = �0.43 for Type 1 2HDM. Lower right: tan⇥ = 10,
cos(⇥ � �) = �0.02 for Type 2 2HDM. In each case we have chosen ⌅5,6,7 = 0 and mA = mH .

large tan⇥.

Of course, the dominant modes in the branching ratios of H and A are not necessarily

the best modes for discovery. In general the most fruitful standard channels (i.e., involving

direct decays to SM final states) are those that may be distinguished above SM backgrounds,

primarily:

• Inclusive production of H with H ⇤ V V (⇥) or H ⇤ ⇤⇤

• Inclusive production of A with A ⇤ ⇤⇤

• Inclusive production of H or A with H,A ⇤ ⌥+⌥� or H,A ⇤ µ+µ�

• tt̄ production with t ⇤ H±b̄ and H± ⇤ ⌥±⇧

Beyond standard channels, it is useful to search for additional scalars through their decays

to h and other states. Again assuming the approximate mass ordering mh < mA ⇥ mH ⇥
mH± , the kinematically available channels with promising search prospects are:
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Figure 10. Cross section times branching ratio ⌅ · Br(A ⇥ X) to available final states in units of
pb for 8 TeV pp collisions for the pseudoscalar Higgs boson, shown as a function of mA. Upper left:
tan⇥ = 1, cos(⇥��) = �0.32 for Type 1 2HDM. Upper right: tan⇥ = 1, cos(⇥��) = �0.11 for Type
2 2HDM. Lower left: tan⇥ = 10, cos(⇥ � �) = �0.43 for Type 1 2HDM. Lower right: tan⇥ = 10,
cos(⇥ � �) = �0.02 for Type 2 2HDM. In each case we have chosen ⇤5,6,7 = 0 and mA = mH .

fairly small. We will not consider this case in detail here,7 but will instead focus on inclusive

production of H and A with H ⇥ hh and A ⇥ Zh, which may have sizable production cross

sections and appreciable branching ratios.

While choosing benchmark values of �,⇥ consistent with current signal fits and studying

the branching ratios as a function of mass gives useful intuition, a more detailed study is

required to understand the signals as � and ⇥ are varied. For simplicity, we focus on the

benchmark mass mH = mA = 300 GeV where H ⇥ hh and A ⇥ Zh are kinematically

available. The relative parametrics remain similar for mH < 2mh and mA < mZ +mh, save

that the modes H ⇥ hh,A ⇥ Zh are inaccessible and H ⇥ V V,A ⇥ bb̄ become dominant.

For mH ,mA > 2mt the decays H,A ⇥ tt̄ become kinematically available, and may or may

not dominate the total width depending on the 2HDM type and the value of tan⇥.

As with the SM-like Higgs h, the parametric behavior of the production cross section

times branching ratio for the processes of interest is governed by the scaling of the production

mode, the decay mode, and the total width. For most of the cases we consider, production

7For a recent discussion of prospects for discovering H± � W±h at the LHC, see [59].
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Interplay with h
Coupling measurements of the state at 126 GeV shape 

the space of likely signatures for heavier scalars

We are close to the decoupling limit!
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(For more detail, see Marc Sher’s talk this afternoon)
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¡ Most well measured:  
§ ggF + decay to VV/γγ  	


§ VBF + decay to VV 
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µggF ∝
yt
2 × yV

2

yb
2

µVBF ∝
yV
2 × yV

2

yb
2

yt = yb
µggF ∝ yV

2

yV ≈ yb
µVBF ∝ yV

2

yb ≈
cos(β −α)
tan(β)

µVBF ∝
cos(β −α)sin2(β −α)

tan(β)
$

%
&

'

(
)

2

yt ≠ yb

yb ≈ cos(β-α)× tan(β)

yt ≈
cos(β −α)
tan(β)
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y2HDM/ySM         s 

Type hVV hQu hQd hLe 

I 

sin(β-α) sin(β-α) +  
cos(β-α)/tan(β) 

sin(β-α) +  
cos(β-α)/tan(β) 

sin(β-α) +  
cos(β-α)/tan(β) 

LS sin(β-α) –  
cos(β-α)*tan(β) 2 

sin(β-α) –  
cos(β-α)*tan(β) F sin(β-α) +  

cos(β-α)/tan(β) 



2,�D�ĐŽŶƐƚƌĂŝŶƚƐ�ŝŶ�ƚŚĞ�mHЀ� vs. tan ɴ�plane, from F. DĂŚŵŽƵĚŝ and O. Stal,    
Flavor constraints on the two-Higgs-doublet model  with general Yukawa  
couplings,  Phys. Rev. D81, 035016 (2010).  
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